Abstract. Uniform multiwalled carbon nanotubes can be synthesized using one-dimensional nanochannels of an aluminum anodic oxide film as a template. This technique allows one to prepare various types of unique carbon nanotubes. It is possible to prepare carbon nanotubes with a double coaxial structure of heteroatom-doped multiwalls. Test tube like carbon prepared by this technique was found to be dispersible in water without any post treatment. Moreover, a large carbon film with millions of carbon nanopillars on its one side was synthesized and it was demonstrated that such carbon film could be used as a corrosion-resistant but electrochemically active film electrode. In addition to these morphological control, complete filling of ferromagnetic metal into the whole cavity of carbon nanotubes was achieved by the template technique.
Introduction
For the ultimate control of the carbon nano structure, it is desirable to build up a carbon structure from small building blocks, i.e., synthesize the structure from small organic molecules using techniques developed in the field of organic synthesis. However, the organic syntheses of fullerenes and carbon nanotubes have not been achieved yet, even by using cutting-edge technology. One of the most powerful and promising ways to allow for such precise control of carbon nano structure is the template carbonization method. This method consists of the carbonization of an organic compound in nanospace of a template inorganic substance and the liberation of the resulting carbon from the template. When an organic compound such as a carbon precursor is carbonized in nano opening, the structures of the resulting carbons may reflect the shape and size of the openings. Such spatial regulation of the carbonization process by nanospace makes it possible to control the structure of a carbon material at the nanometer level if the size and/or the shape of nanospace are controllable. So far, various types of unique carbon materials have been synthesized using this method. Especially using straight nanochannels of an anodic aluminum oxide (AAO) film as a template, we demonstrated that carbon nanotubes can be prepared in the following manner; pyrolytic carbon deposition on the inner walls of the nanochannels in an AAO film and then liberation of the carbon from the film by HF washing [1, 2] . The most striking features of the carbon nanotubes thus prepared are uniformity and controllability of the tube size such as length and diameter. The present paper focuses on the synthesis of various types of unique carbon nanotubes and demonstrates how effectively the carbon nano structure can be controlled by this technique.
Synthesis of Various Types of Nanostructured Carbons
Double Coaxial Carbon Nanotubes with Nitrogen or Boron-Doped Multiwalls. Using uniform and straight nanochannels of an AAO film as a template, we, for the first time, prepared carbon nanotubes by pyrolytic carbon deposition on an AAO film [1, 2] Briefly, an AAO film was subjected to carbon deposition from propylene chemical vapor deposition (CVD) at 800 °C, which resulted in a uniform carbon coating on the inner wall of the template nanochannels. Then the AAO template was removed with HF washing and only carbon was left as an insoluble fraction. The resulting samples consist of only cylindrical tubes and no other form of carbon was obtained. Their outer diameter and length is the same as the channel diameter and thickness of the corresponding AAO film, respectively. Carbon tubes with such uniform diameters and lengths cannot be synthesized by conventional arc-evaporation and catalyst CVD techniques, which generally produce tubes of different sizes together with many types of impurities including metal particles. Another important feature of this template-synthesized carbon tube is that the tubes are not capped at both ends, unlike the conventional carbon nanotubes.
So far, heteroatom-doped multiwalled carbon nanotubes or nanofibers have been synthesized by several methods, but none of the researches have intentionally controlled heteroatom location in the doped nanotubes. We first reported the preparation of double coaxial carbon nanotubes of N-doped and undoped multiwalls by the template technique [3, 4] , and have recently succeeded in the synthesis of more interesting materials: double coaxial carbon nanotubes composed of N-doped and B-doped multiwalls [5] .
The double coaxial carbon nanotubes composed of N-doped and B-doped multiwalls (NB-CNTs), can be prepared by a two-step CVD method [5] . Over an AAO film, acetonitrile CVD was first conducted at 800 °C for 2 h, leading to the uniform coating of a N-doped carbon layer on the inner walls of the AAO nanochannels. After heat-treatment in N 2 at 950 °C for 1 h, a second-step CVD was carried out on the N-doped carbon coated AAO film using benzene as the carbon source and boron trichloride as the boron source at 725 °C for 20 min. This second CVD step gave rise to B-containing carbon deposition on the already-deposited N-doped carbon layer. Then, the heat-treatment was again conducted for the coated AAO under the same conditions as before. By removing the AAO template with HF treatment, the double coaxial NB-CNTs were liberated. For reference, C-CNTs and N-CNTs were prepared by propylene CVD and acetonitrile CVD (conditions being the same as the first CVD step of NB-CNTs) at 800 °C, and possess undoped and N-doped carbon walls, respectively. Doping N or B into carbon layers is believed to modify the electronic structure and thereby the electrical conductivity properties. The electrical resistance of NB-CNTs was measured using a simple two-terminal method. The nanotubes prepared by the template technique are always embedded in the nanochannels of AAO templates, being parallel to each other and vertical to the outer surface of the templates. Both sides of a carbon-coated AAO film were coated with a silver paste, to which two silver wires are attached. A potential (-1.0 to 1.0 V) was applied to both surfaces through the two conducting wires and its I-V characteristics were measured at 25 °C. The I-V characteristics of the carbon coated AAO films were of ohmic nature, and hence, the resistances of the coated AAO were obtained from the slopes of the I-V curves. Considering the area of the measured specimens and the density of the nanotubes in the AAO template, the average resistance of an individual nanotube can be obtained. The cross sectional area and length (70 µm) of each individual nanotube were easily observed under a microscope and the specific resistivity of a nanotube was calculated accordingly.
Moreover, the interlayer distance between graphene planes (d 002 ) and the crystalline size (L c ) were determined from the (002) peaks of X-ray diffraction patterns of the different types of double coaxial nanotubes. All the results are Table 1 . NB-CNTs have the lowest electrical resistivity among these samples, and NB-CNTs and N-CNTs possess the resistivity three and two orders of magnitude lower than the undoped C-CNTs, respectively, indicating that B-and N-doping drastically lower the resistivity of the carbon layer. On the other hand, the values of d 002 and L c , respectively, increase and decrease upon the heteroatom doping. In other words, such doping lowers the crystallinity of the nanotubes. This finding indicates that B-and N-doping are more essential than the crystallinity for the conductivity of the present nanotubes. The conductivity of the carbon layer is tunable consistent with N or B doping, and NB-CNTs are of double nature in terms of not only chemical composition but also electrical properties. Water-Dispersible Carbon Nano 'Test Tubes' without Any Post Treatment. Carbon nanotubes hold a great potential for a variety of industrial applications, but the extremely poor solubility of carbon nanotubes in solvents hampers their practical use in several applications. To illustrate, the application of nanotubes in the field of biotechnology, which has recently started to emerge with great hopes, is based on the premise that nanotubes are dispersible in water. The most typical way for the solubilization is to produce carboxyl groups on the surface of nanotubes by strong acid treatment and then functionalize the nanotubes with large molecules through the resulting carboxyl groups [6, 7] . Alternatively, some solubilizing agents such as polymers [8] and DNA [9] have been utilized as additives. In any case, an additional treatment is always necessary for the solubilization of nanotubes after they are synthesized.
As has already been explained, the template method using straight nanochannels of an AAO film is a useful technique to obtain uniform carbon nanotubes of a desired size (in both diameter and length). Furthermore, using this method one can obtain nanotubes with both ends open, or with one end open but the other end closed. The latter type of carbon can be termed as a carbon nano 'test tube'. Therefore the carbon nano 'test tube' synthesized by this method, if they were water-dispersible, would be best suited for applications of biotechnology, especially as a capsule for a drug delivery system. In this section, we introduce the template synthesis of water-dispersible and uniform carbon nano 'test tubes' without any post modification [10] . Fig. 1 shows an overview of the synthesis process of the carbon nano 'test tubes'. One side of an aluminum plate was anodically oxidized until the depth of straight nanochannels reached a desired length, and pyrolytic carbon was then deposited by the CVD method at 600 °C using acetylene gas. Please note that the CVD temperature should be less than the melting temperature of Al metal. The carbon-coated AAO film was subjected to oxygen plasma treatment to remove only the carbon layer deposited on the outer surface, followed by the template dissolution in alkali solution. The liberated tubes in the alkaline suspension were thoroughly washed with copious amounts of deionized water.
As illustrated in Fig. 1 , each nanochannel of the template is always closed at their bottom. Thus, it is easily understood that one end of each tube is always open, while the other end is closed. Fig. 2 shows a high resolution transmission electron microscope (TEM) image of the resulting test tubes with a length of 1 µm and a diameter of about 10 nm. Although several tubes overlap in this image, it is evident that the bottoms of the tubes are closed and this is direct evidence of the synthesis of carbon nano 'test tubes'. Many short and wrinkled lines that correspond to graphene layers are observed in the walls, indicating the ill-crystallized nature of the present tubes. This is probably due to both the low CVD temperature (600 °C) and the absence of a metal catalyst that has been used for the catalytic synthesis of carbon nanotubes. 
Disclosing Materials at the Nanoscale
To examine the solubility of the present test tubes in various solvents, about 0.1 mg of the test tubes having a length of 1 µm and a diameter of 10 nm were mixed with 7 ml of each solvent. Four kinds of solvents (water, ethanol, chloroform, and toluene) were used and the resulting suspensions were ultrasonicated for several tens of seconds. Fig. 3 shows the dispersion state of the test tubes in the various solvents after two weeks. Surprisingly, the color of both the water and ethanol suspensions was dense black and this state was kept for several months after the suspensions were prepared. On the other hand, in both toluene and chloroform, the test tubes were agglomerated and precipitated within several minutes. This finding clearly indicates the hydrophilic nature of the present test tubes, even though carbon is hydrophobic by nature. Since the length of the present test tubes is fully controllable with the template method, this method enables us to examine the effect of the tube length on their solubility. Test tubes with lengths of 0.5, 1, 5, and 20 µm were prepared using AAO films of the corresponding lengths, respectively, and then test tubes of each length (0.07 mg) were mixed with 2 ml of deionized water. As a result, it was found that the test tubes with lengths of 0.5, 1, and 5 µm were dispersed in water, but the longest ones (20 µm) were not dispersed (they were precipitated just in 3 days).
These carbon nano 'test tubes' could be used in various fields, especially as a capsule for a drug delivery system since they have many advantages such as excellent size controllability, solubility in water, and the presence of open ends. For a drug delivery application using the cavity of carbon nanotubes, the encapsulation of a drug into the nanotubes is a difficult task. We believe that the template method will offer a promising prospect for a solution to this issue. For one thing, one end of each tube prepared by the template method is always open. Furthermore, such encapsulation would become very easy if it is performed at the stage of the carbon/AAO composite film, because all the openings are placed on one side of the flat AAO film (Fig. 1) . Further functionalization would be easier for the present test tubes than usual nanotubes, since the sidewall of the test tubes is considered more reactive. It is thus concluded that the present template method is quite promising for fabricating nano carbon capsules in biotechnology. Carbon Thin Films Having Millions of Nanopillars. By filling the AAO nanochannels with carbon and then removing the template, not only carbon nanotubes but also nanorods [11, 12] can be obtained. However, so far the resulting nanotubes and nanorods have been obtained as tiny bundles. If the bundle is obtained as a film with a size of as large as 1 cm 2 , it can directly be used as an electrode plate with a large surface area.
A schematic diagram of the process to synthesize such carbon films is shown in Fig. 4 . An AAO thin layer on aluminium substrate was used and the size of the nanochannels is 50-70 nm in diameter and 250 nm in depth. Carbon was deposited initially by CVD using acetylene at 600 °C. Polyvinyl chloride (PVC) powder was then put on the top surface of the carbon-coated AAO and it was heat-treated at 600 °C in N 2 . During the heating process, the PVC pitch was formed and subsequently the nanochannels were filled up with the pitch. Then the pitch was carbonized both on the surface of AAO and inside the nanochannels. After the carbonization, the AAO was removed by alkaline treatment to liberate the carbon film with a large number of carbon nanopillars 
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on its one side, followed by heat-treatment at 1200 °C in a He flow to increase the crystallinity of the carbon.
The carbon film with a size of 1cm 2 was successfully obtained (Fig. 5a ) and a scanning electron microscope (SEM) image of its surface was shown in Fig. 5b , where a large number of nanopillars are standing upright. The height of nanopillars is about 250 nm and the diameter is 50 nm. Even after the heat-treatment at 1200 °C, the nanopillars were not damaged and kept standing. The carbon structure of the nanopillars shown in Fig. 5 was examined by TEM. It was found that the nanopillars were not hollow, but they were solid nanorods.
Since the size of the resulting film is as large as 1 cm 2 and its mechanical strength is high enough for handling, it could directly be used as an electrode plate. Thus its electrochemical behavior as a working electrode in the redox reaction of ferro/ferri hexacyanide ions was investigated by cyclic voltammetry (CV). In a reference experiment of CV, a platinum plate was used as a working electrode. The resulting CV patterns are shown in Fig. 6 . In the reference experiment using the Pt plate, both clear oxidation and reduction peaks can be found around 0.3 V. For the carbon film, sharp redox peaks were observed and the peak currents were much larger than that of the Pt plate. This is because the surface area available for the redox reaction is much larger for this carbon film, since a great number of nanorods are present on the surface. The carbon film would be useful as the electrodes for sensors, fuel cells, dye sensitizing solar cells and others.
Complete Filling of Ferromagnetic Metal into the Whole Cavity of Carbon Nanotubes.
Aluminum metal film was deposited on a Nb-coated Si wafer by the sputtering technique and the thickness of Al film was varied from 50 to 1000 nm. Then the Al film was anodized in H 2 SO 4 solution and the resulting AAO film was subjected to propylene CVD at 800 °C. During this process, the pyrolytic carbon deposition took place not only on the external surface of the AAO film but also on the inner wall of the AAO nanochannels. The resulting carbon coated AAO film was subjected to O 2 plasma treatment. This treatment enables one to remove the carbon layer deposited on the external surface of the AAO film but to leave the carbon inside the nanochannels almost intact, because nano space such as the AAO channels does not allow the existence of stable plasma. Then we attempted to insert metal into the carbon nanotubes embedded in the AAO template. Many techniques for metal filling in carbon nanotubes have been proposed so far, but most of them do not allow one to achieve complete filling in all nanotubes. The electro-deposition method would be one of the powerful methods for metal loading, but electro-deposition into such nano space surrounded by electro-conductive material (carbon) is very difficult in principle. This was 
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Disclosing Materials at the Nanoscale actually the case when we used the carbon-coated AAO film as a cathode for the electroplating of Permalloy (alloy of Ni and Fe, soft magnetic material), i.e., the metal deposition has never been observed inside the nanotubes, but only on the external carbon surface. We then used the plasma-treated film as the cathode and found metal deposition in the cavity of the nanotubes as well as on the treated surface. Surprisingly, the external Permalloy metal layer (about 2 µm in thickness) was easily peeled off from the substrate without any damage to the metal inside. The metal-filled nanotubes were liberated from the substrate with alkaline treatment and then examined with TEM. Their TEM images (Fig. 7a) clearly indicate the complete filling into the nanotubes. The presence of the carbon layer can be confirmed by a high-magnification image (Fig. 7b) .
As long as we observed, such complete filling was attained for all the nanotubes with lengths of 200 and 300 nm, and most of the nanotubes (about 80 %) with a length of 500 nm were completely filled. It was confirmed that the filled-tubes were attracted by a magnet and such magnetism has been kept even in ambient air for several months ever since the sample was prepared. The observed inertness can be explained by the presence of the protective carbon layers surrounding the metal nanorods.
Conclusions
Using an AAO film as a template, the length and diameters of carbon tubes can be controlled. This method produces many types of carbon nanotubes such as double coaxial nanotubes, water-dispersible nanotubes, a carbon thin film having millions of nanopillars and completely filled nanotubes, all of which have never been synthesized by conventional methods. It is expected that these template-synthesized nanotubes can function as a nano pn-diode, a capsule for a drug delivery system and a thin film electrode. Further research toward the application of these unique nanotubes should be performed. Although the template technique is quite attractive, one should keep it in mind that this technique requires both the use of an expensive template and its removal by a severe treatment such as HF washing, which hampers the practical use of the template technique. However, if the template were water-soluble, the process would be much simpler and could be performed at low cost. Instead of the inorganic templates, if one could use an organic template, the removal process would not be needed anymore, because the organic templates could be decomposed during the carbonization process. Such effort to make the template method more practical should be made. Advances in Science and Technology Vol. 51
